Abstract----An important issue in antenna array design is reduction of mutual coupling. In square microstrip antennas this reduction can be achieved by using electromagnetic band-gap (EBG) structures. They can help in the reduction of mutual coupling by using their capability of suppressing surface waves propagation in a given frequency range. In this paper, we analyze the isolation properties of different EBG structures are compare them in antennas arrays by simulations. A new configuration of a planar compact electromagnetic bandgap structure is investigated. Compared to the conventional EBG (mushroom structure), a size reduction of 67.2% is achieved. Simulation results show that a significant value of mutual coupling reduction, more than 6 dB, can be obtained by using the proposed structure.
I. INTRODUCTION
With the drastic demand of wireless communication system and their miniaturization, antenna design becomes more challenging. Recently patch antennas have been widely used. In spite of its several advantages, as light weight and low volume, low profile, planar configuration which can be easily made conformal to host surface, low fabrication cost, and the capability of obtaining dual and triple frequency operations. [1] [2] On the other hand, when the antenna is operating in the fundamental mode (TM10 for rectangular patches), surface waves are strongly excited in E-plane. In this mode, the field distribution can excite the TM0 mode of the surface waves E plane [3] . If multiple antennas share the same ground plane, surface currents can cause unwanted mutual coupling. Mutual coupling in arrays is considered to be very import problem for antenna design engineers. In arrays of microstrip antennas, this coupling is especially critical. This coupling can be due to radiated waves or due to surface waves [3] . Surface waves can become dominant if high dielectric constant substrates are used [4] . To overcome these limitations of microstrip patch antennas, electromagnetic band gap (EBG) structures are used. The main property of EBG structures is suppression of surface wave propagation in a specific frequency band [5] [6] . Due to the capability of these structures for reducing the surface waves, they can improve the antenna performance. This improvement can be achieved in reduction of back-lobe radiation, increasing the antenna gain and increasing the antenna efficiency [7] . Different forms of EBG structures such as mushroom-like EBG structure or dielectric rods and holes are studied and evaluated their capability to reduce mutual coupling effect. We propose a new, compact and easy to fabricate, EBG structure, based on totally planar layout without via. Bandgap feature of the EBG structure is studied using dispersion diagram and performance of two mutually coupled patch antennas.
This paper is organized as follows. The 2D EBG gap has been studied and is inserted between two square patch antennas (operating at 2.4GHz) on a tick and highpermittivity substrate to reduce coupling mutual effect. After that, we replaced the 2D-EBG with mushroom EBG structure and we evaluated the isolation between antennas. Secondly, three HIS structures (fork, mushroom and proposed planar structure) on a thin and low dielectric constant substrate ( h= 1.588 mm) are analyzed and are inserted between rectangular patch antenna (operating at 10 GHz). The simulations are conducted using Ansoft HFSS™ based on the finite element method (FEM) and MATLAB® program based on the plane wave method (PWM).
II. BAND GAP CHARACTERIZATION OF THE 2D-EBG STRUCTURE
The EBG structure should be designed so that the antenna operating frequency should be in located at the center of the bandgap. The 2D-EBG photonic crystal substrate are introduced to attenuate surface wave modes.
The idea is to design a square patch antenna on a 2D photonic crystal substrate, where the patch becomes the "defect" in the EBG structure. In order for the band gap to exist, the substrate (host medium) to impurity (posts) refractive index ratio must be greater than 2:1 (or dielectric constant ratio must be greater than 4:1) [8] . Thus, to obtain the broadest band gap for air posts are used. For the sake of simplicity, the square lattice form is used. The dispersion diagrams for different values of the filling factor ( ) are illustrated in Figure 1 (here is the radius of the cylindrical air posts and ( ) is the lattice constant). These diagrams reveal the band gaps for both TE and TM polarizations and help to determine the appropriate lattice dimensions. The dispersion diagrams that characterize our found EBG structure are shown in Figure 2 . 
III. DESIGN AND SIMULATIONS OF EBG ANTENNAS
The EBG antenna is designed to operate at the frequency 2.4 GHz. It is excited by a coaxial probe and the feed point is located at the distance (dx= 2.7 mm, dy= 0) away from the edge of the patch. The length L and the width W have been taken as 16.38 mm , six EBG rows of holes are drilled in the substrate. The substrate thickness is chosen to be: 6mm (thick) to ensure favorable conditions for the excitation of surface waves ( , the dielectric material Arlon AR1000 with the dielectric constant 10 with dissipation factor 0.003 is chosen due to the higher excitation of surface waves.
The reflection coefficients for both microstrip antennas with and without EBG are depicted in Figure 3 . The simulation results show that the reflection coefficient minimum level (at f=2.4 GHz) increases 47 % from -38.40 dB for MPA without EBG to -24.25 dB for MPA with EBG. This increase is due to the insertion of the photonic crystal that increases the reflection of surface waves to the excitation source.
IV. MUTUAL COUPLING REDUCTION
The two patch antennas are placed 0.75 0 mm (edge to edge) apart from each other. Two rang of 2D-EBG structures are inserted between them to reduce Mutual Coupling between the radiating elements. To investigate the proposed antenna design shown in Figure 4 , high frequency structure simulation (HFSS) software are used for simulation and optimization. The computed results by using HFSS TM are shown in ( Figure 5 ). The return loss of both antenna is −28 dB at the resonate frequency . The mutual coupling of the antennas without the EBG structure is −39 dB. In comparison, the mutual coupling of the patches with the EBG structure is only −41.55 dB. An approximately 2.5 dB reduction of mutual coupling is achieved. Now, it is suggested to modify the designed EBG antenna by replacing its ground plane with a suitable well-designed metallodielectric EBG structure as shown in figure 6 . As shown in Fig.8 , the resonance frequency is 2.4 GHz. Frequency band of ±90 degree reflection phase is from 2.35 GHz to 2.45 GHz. It is observed that for the antennas without the EBG structure, the mutual coupling is −39 dB. In comparison, the mutual coupling of the antennas with the EBG structure with two colon is 42.4 dB, An 4.5 dB mutual coupling reduction is observed at the resonant frequency. In figure 8 , the results show that mushroom like EBG structure enhance the decoupling between the square patch antenna on a high-permittivity substrate with 2 dB compared with the 2D-EBG.
Analysis had showed EBG mushroom structure with appropriate gap and position is useful in reduction of coupling between antenna patches for this reason we used hereafter only the structure HIS (high impedance structure or EBG structure)
In this second part of the article, three HIS structures (fork, mushroom and proposed planar structure) on a thin and low dielectric constant substrate ( h= 1.588 mm) are analyzed using HFSS™ which is based on the finite element method (FEM).
V. HIS STRUCTURE CHARACTERIZATION
The surface impedance of a HIS structure is frequency sensitive since the EBG structure actually forms a distributed LC network with specific resonant frequencies. The capacitance C is determined by the fringing capacitance between neighboring metal patches, while the current as flowing through inductance, can be considered as inductance L. The equivalent LC circuit acts as a two-dimensional electric filter to block the flow of the surface waves in the frequency range where the surface impedance is very high. The capacitance and inductances in the equivalent circuit can be approximated by the following formulas [9] :
The fractional bandwidth (BW) of reflection phase between ±90 degrees is And =120 Ohm is the free space impedance. As shown in Fig.8 , the simulated reflection phases for both the EBG structures varied continuously from +180° to −180° relative to the frequency, and were equal to zero degrees at 10 GHz.
The frequency bandwidth that causes the reflection phase response to vary in between -90/+90 degrees gives the reflection band-gap. Operational frequencies and bandwidths from these structures are extracted from the reflection. We found that the band gap of the three HIS are 31% (8.5 GHz -11.5 GHz) for the mushroom structure, 15.5% (9.25 GHz -10.7 GHz) for the fork structure and 19% (9.1 GHz -11 GHz) for the proposed EBG structure.
VI. REDUCTION OF THE MUTUAL COUPLING BY USING HIS
An antenna array operating at 10 GHz is designed. To obtain the resonant frequency at 10 GHz, the rectangular patch's size was 8.3mm ×11.34mm. The patch antennas are located in the middle of the ground plane with 15 mm (0.5 ) gap between them. A simulation without the EBG structures is used as a reference figure 11.
The focus of the study is the isolation level between the antenna elements, one column of the three different HIS structures was possible to fit between the antennas. The The achieved mutual coupling effect between the antennas without EBG structures was observed around -31.8dB in Hplan and -21.67 dB in E-plan.
-In E-plane configuration the mutual coupling becomes greater because the centre-to-centre distance is reduced, when the HIS structures were employed, the level of mutual coupling changes. It is clearly noted that when the row of mushroom EBG is inserted; the mutual oupling observed is around -22.5 dB at the resonant frequency 10.05 GHz. An approximately 4 dB reduction of mutual coupling is achieved with return loss better than -10 dB when the row of fork EBG is inserted; The best attenuation of mutual coupling is achieved with the proposed EBG structure, which according to the simulations has the highest isolation (approximately 6 dB). Compared to the mushroom EBG structure, surface waves can be successfully suppressed using proposed EBG structure in E-plan configuration.
-In H-plane configuration, when the fork EBG structure is employed only 2.02-dB reduction is observed. An approximately 6 dB reduction of mutual coupling is achieved when the row of the proposed EBG structure is inserted. When the EBG structure is employed, a 10.8 dB mutual coupling reduction is achieved at 10.10GHz, which proves that the surface wave is suppressed. According to simulations, the impedance bandwidth of the antenna elements remained approximately the same with or without the EBG structures of all the cases.
VII. CONCLUSION
In this paper, the isolation properties of different EBG structures are compared in antennas arrays by simulations. Firstly, the 2D-EBG concept was applied to the design of a square patch antenna with operating frequency 2.4 GHz to suppress the surface wave propagation in a thick and high dielectric constant substrate and h=6mm, an approximately 2.5 dB reduction of mutual coupling is achieved. An approximately 4.5 dB reduction of mutual coupling is achieved when we replaced the 2D-EBG with mushroom EBG. Secondly, we studied three high impedance surfaces and applied them to reduce the mutual coupling effect between two arrays patch antennas.. A proposed EBG structure in this work is found to be the most efficient for the reduction of the mutual coupling between E-plane coupled antennas. An approximately 6 dB reduction of mutual coupling is achieved. In H-plane configuration, a 10.8 dB mutual coupling reduction is achieved at 10.10GHz, which proves that the surface wave is suppressed.
The presence of EBG structure reduces the mutual coupling between the two radiating elements.
